Abstract. The conformational flexibility inherent in the polynucleotide chain plays an important role in deciding its three-dimensonal structure and enables it to undergo structural transitions in order to fulfil all its functions. Following certain stereochemical guidelines, both right and left handed double-helical models have been built in our laboratory and they are in reasonably good agreement with the fibre patterns for various polymorphous forms of DNA. Recently, nuclear magnetic resonance spectroscopy has become an important technique for studying the solution conformation and polymorphism of nucleic acids. Several workers have used 1 H nuclear magnetic resonance nuclear Overhauser enhancement measurements to estimate the interproton distances for the various DNA oligomers and compared them with the-interproton distances for particular models of A and Β form DNA. In some cases the solution conformation does not seem to fit either of these models. We have been studying various models for DNA with a view to exploring the full conformational space allowed for nucleic acid polymers. In this paper, the interproton distances calculated for the different stereochemically feasible models of DNA are presented and they are compared and correlated against those obtained from 1 Η nuclear magnetic resonance nuclear Overhauser enhancement measurements of various nucleic acid oligomers.
Introduction
Based on theoretical conformational energy calculations and taking into account the experimentally observed values for the six backbone torsion angles as well as the glycosidic torsion angle, Sasisekharan et al. (1971) and Sundaralingam's group (Sakurai and Sundaralingam, 1971) had first examined the possible combinations which can lead to double helical structures with mononucleotide repeating units. Recent detailed calculations (Gupta et al., 1982) reveal that there are only 8 distinctly different combinations which lead to the formation of duplex structures of both right and left handedness, designated as RU and LU helices. Of these 8 conformations 1 is sterically disallowed for a polynucleotide, 5 correspond to the trans conformation about both the O5'-C5' and C3'-O3' bonds while in the other 2 the torsion angle about the C3'-O3' bond is in the g -conformation. In all the 7 sterically allowed helical domains, the glycosyl torsion angle χ falls in the anti region (170° < χ < 260°) and hence both purines and pyrimidines can be accommodated in the RU and LU helices of these domains. Sasisekharan et al. (1981) have been able to obtain sterically acceptable models of both right and left handedness for the Α, Β and D forms of DNA. Recently Premilat and Albiser (1984) , have proposed a left handed model for C-DNA which is very similar to the LU model for B-DNA, proposed in Sasisekharan et al. (1983) . Models of both handedness give almost equally good agreement with the observed fibre diffraction pattern for their respective polymorphic forms and they have also been
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found to agree equally well with the infra-red data. Single crystal structure analysis of short oligonucleotides has also conclusively shown that the backbone of a polyucleotide chain is inherently very flexible and can adopt many different conformations (Dickerson and Drew, 1981) .
In recent days the proton-proton nuclear Overhauser enhancement (nOe) measureent has emerged as a potentially very powerful technique for determining the conformation of biomolecules in solution. It has been used to elucidate the general structural features of several oligonucleotides by comparing the observed proximity of some well identified protons with the coordinates of the A and Β forms of DNA as given by Arnott and Hukins (1972) . However, to date only one attempt has been made,by Gronenborn et al. (1984) , to characterize in detail the solution conformation of two oligonucleotides, 5'd(C-G-T-A-C-G) and 5'd(A-C-G-C-G-C-G-T), based on a detailed calculation of the interproton distances and model building. Since in this case as well as in other studies the interproton distances observed in the solution state do not seem to agree well with either the A or Β form, as proposed by Arnott's group we have undertaken a detailed model-building study to calculate the interproton distances for a variety of sterically allowed, conformationally favourable polynucleotides structures. As a first step in this study we have calculated the proton-proton distances for the various models proposed for the A and Β forms of DNA and compared them with those obtained from the nOe measurements of nucleic acid oligomers.
Method and models
The conformational parameters for the seven models considered by us are listed in table 1. All these models have been refined against the available fibre diffraction data for the A and Β forms of DNA. The models include two models for Α-DNA, one right handed model (Arnott and Hukins, 1972) and one left handed model, obtained by us as being sterically acceptable, though it does not agree as well as the right handed model with the Α-DNA fibre pattern. For the Β form DNA five models have been considered, including one left handed and four right handed models. All the models have been refined against the B-form fibre diffraction data and represent the best models in their respective domains. The B-DNA model of Arnott and Hukins (1972) has some stereochemical problems, but has been included for completeness and also since most workers continue to use these coordinates as representative of the B-form DNA. The best right and left handed models for the B-form as obtained in our laboratory are stereochemically satisfactory, and also in excellent agreement with the available fibre-diffraction and infra-red data.
The RU models in the C2'-endo domain and C3'-endo domain are similar to the models of Arnott and Hukins (1972) and their revised model as given in Reid et al., (1983) . The LU model also has a C2'-endo sugar pucker, but has the unusual gauche -onformation about the C3'-O3' bond. Following the stereochemical guidelines outlined in Gupta et al. (1982) , the orientations about the phosphodiester bonds O3'-P and P-O5' are trans and gauche+ respectively. This LU model is much superior to our earlier model (Gupta et al., 1980) which had the more common trans conformation about the C3'-O3' bond and the trans, gauche-conformations about the phos-phodiester bonds. The RU and LU models in the C2'-endo domain give equally good agreement with the fibre diffraction pattern as well as infra-red data (see Sasisekharan et al., 1983 , for details). The LU model for C-DNA (Premilat and Albiser, 1984) has the identical g-conformation about the C3'-O3' bond and tg + orientations about the phosphodiester bonds O3'-P and P-O5', as our LU model for B-DNA. The other torsion angles are also in the same regions. The model with C3'-endo sugar pucker is also a stereochemically satisfactory structure but is not in as good agreement with the observed X-ray data as the above two models in the C2'-endo domain. We have also included one dinucleotide repeating model for B-DNA with alternate C2'-endo and C3'-endo sugar puckers which is similar to that proposed by Klug et al. (1979) , and gives reasonably good agreement with the B-DNA fibre data (Gupta et al., 1980) . The interproton distances for the different models of DNA were calculated after appropriately fixing the hydrogen atoms. The calculated interproton distances which are less than 6 Ǻ and for which the nOe has been observed are listed in tables 2 and 3. They are compared with reported interproton distances obtained using 1 HNMR nOes in the hexamer 5''d(C-G-T-A-C-G), the octamer 5''d(A-C-G-C-G-C-G-T) .
and a undecamer 5''d(A-A-G-T-G-T-G-A-C-A-T) (Clore and
Results and discussion
A comparision of the calculated interproton distances for the various models clearly shows that the various models obtained by fitting to the X-ray fibre data can be grouped into two categories on the basis of the sugar puckers: viz, C2'-endo sugar puckered and C3'-endo sugar puckered structures. The C2'-endo sugar pucker domain contains structures of both handedness, the RU helices for B-DNA as well as the LU helices for the A and B-forms. However, the structures with different handedness can be distinguished on the basis of interproton distances between the base H8/H6 protons and the H2'/H2" distances as well as the inter-base proton distances. Right handed structures with C2'-endo sugar pucker will show a large nOe between the H8/H6 atoms and H2'/H2" since the H8/H6 proton is in close proximity and almost equidistant to the H2' proton of its own sugar and the H2" proton of the neighbouring sugar on the 5'-side as shown in figure 1. On the other hand, as shown in table 3, in the left handed models for both the A and Β forms (figure 2) the H8/H6 protons are more than 3·4 Å from the H2'/H2" protons in their own sugar as well as from the protons of the deoxyribose on the 5'-end. Hence the absence of any nOe in the H2'/H2" region has been taken as implying the presence of a left handed structure, as reported by for poly (dA-dT).
The major difference between the models with the C2'-endo sugar pucker and C3'-endo pucker (figure 3) is of course the fact that both the protons H2' and H2" on the sugar attached to the base are quite distant from the Η 8 proton, though the interresidue H8 . . . H2'/H2" distance is < 2·0 Å for all right handed models for the A and B-form DNA.
The alternating model for B-DNA shows features common to the two RU models with C2'-endo and C3'-endo sugar puckers with the interresidue distances being in worse agreement with the observed ones than either of the other two models.
The interproton vectors characteristic of sugar pucker also show considerable variation as the pucker varies from C1'-exo to C4'-exo. The base-sugar intraresidue H8/H6 . . . Η1' distance does not vary much with the glycosidic torsion (χ) in the whole range for E 2 (C2'-endo) and Ε 3 (C3'-endo) sugar puckered models, which have χ varying from 170° to 100°. However, as mentioned above, the H8/H6 . . . H2'/H2" distances differ significantly for the various models.
The calculated interproton distances of the non-exchangeable base and sugar protons, for the different models, therefore give a range ofcharacteristic values, some of which are within the range of observable nOe distances. However, most of the distances calculated from the nOe measurements appear to be shorter than those calculated for the various models which have been refined on the basis of X-ray fibre diffraction analysis.
A comparison of the calculated versus reported interproton distances is shown in tables 2 and 3. The interresidue interproton distances are within observable range only with the sugar protons on the 5'-side of the base proton, for all the models. Notably, some of the interresidue interproton distances are shorter than the corresponding intraresidue interproton vectors.
The r.m.s. differences between the calculated and the observed interproton distances have also been calculated for all the models, taking into account 14 intraresidue and 8 interresidue distances for the hexamer, 11 and 9 distances respectively for the octamer and 6 and 10 for the undecamer. These are also listed in table 2 for the right handed models.
An analysis of the r.m.s. differences calculated for the three deoxyoligonucleotides indicates no clear cut better agreement for any one of the models. However, in general the right handed models give a better agreement with the observed data as compared to the left handed models, which give an r.m.s. difference greater than 1·2 for all the three oligonucleotides. Among the right handed models, Sasisekharan et al.'s C2'-endo RU model gives a marginally better agreement than Arnott's models, for A and B-DNA, the C3'-endo model, or the alternating E 2 -E 3 model. It is interesting to note that a comparison with the representative interproton distances for the crystal structure of the dodecamer d(C-G-C-G-A-A-T-T-C-G-C-G) which has an averaged C1'-exo structure, gives an almost equally good fit for the hexamer and the undecamer but a rather poorer fit for the octamer which has infact been interpreted as having a dinucleotide repeat (Clore and Gronenborn, 1983) . Most of the variable torsion angles in this model have rather uncommon conformations. In particular, the orientation about the C3'-O3' bond is predicted to be g+ for pyrimidine nucleotides and g + /t for purine nucleotides, which is a feature not observed for any oligo or polynucleotide structure.
Hence it may be concluded that the observed interproton distances show a similarity with the overall features of the right handed B-DNA models as obtained from fibre diffraction or single crystal studies. The major difference between the C2'-endo and C3'-endo models, particularly in the r.m.s. difference for the undecamer, (also noted by Clore and arises from the differences in the intraresidue vectors H8/H6 . . . H2' and H8/H6 . . . H2". Since in addition, the interresidue H8/H6 . . . H2'/H2" and the H5 . . . H2'/H2" vectors for the B-DNA models are in 608 Gopalkrishnan and Manju Bansal ` 
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better agreement with the observed distances, the B-DNA model naturally gives a much lower r.m.s. difference, than the C3' endo Α-DNA model.
For the hexamer and the octamer the agreement between the calculated and observed distances is not really satisfactory for any of the models obtained from fibre diffraction analysis. Hence it will be interesting to investigate whether the solution structure is an averaged structure of several slightly varying conformations or is infact a structure, different from that existing in the solid state, such as that seen for a Li-DNA fibre, which gives a crystalline pattern. Much more experimental nOe data as well as model-building studies need to be analysed before any definite conclusion can be reached on the details of the solution structure of oligonucleotides.
However, it is interesting to note that the C2'-endo RU helix, with mononucleotide repeat, which has been optimized to fit the X-ray fibre diffraction pattern and the available infra-red data, also gives the best-fit to the solution structure of all the three oligonucleotides examined so far. This seems to indicate that while the oligonucleotides are inherently flexible, the overall structural features in solution are likely to be closer to those of DNA in fibres, as compared to oligonucleotides in single crystals.
